Despite the recent development of treatment strategies for nasopharyngeal carcinoma, the effective management of this disease remains a challenging clinical problem. A better understanding of the regulatory roles of miR-194 and mitogen-activated protein kinase kinase kinase 3 (MAP3K3) in the nasopharyngeal-carcinoma-related gene network is required to address this issue. Here, we measured relative expression of miR-194 in human nasopharyngeal carcinoma tissues and normal epithelial tissues by quantitative real time PCR. We transfected cultured CNE-1 and C666-1 cells with miR-194 mimics, and then examined the effects on cell proliferation, cell migration and invasion. Luciferase reporter assay was used to validate the putative binding between miR-194 and MAP3K3. We then examined the effect of knockdown and overexpression of MAP3K3 on cell tumorigenesis. Expression of miR-194 is significantly down-regulated in nasopharyngeal carcinoma specimens and tumor cell lines when compared with normal controls. In addition, miR-194 suppressed tumor cell proliferation and viability, as well as migration and invasion of carcinoma cells. We found that miR-194 binds the 3 0 untranslated region of MAP3K3, and knockdown of miR-194 inhibited nasopharyngeal carcinoma cell proliferation, migration and invasion. In accordance, overexpression of MAP3K3 reversed the inhibitory effects of miR-194 in carcinoma cells. This study suggests that expression of miR-194 is down-regulated in nasopharyngeal carcinoma, and that miR-194 can directly target MAP3K3 to regulate tumor progression. Given the pivotal involvement of MAP3K3 in nasopharyngeal carcinoma development, targeting miR-194 may be a novel strategy for the treatment of nasopharyngeal carcinoma.
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Nasopharyngeal carcinoma is a disease in which malignant cells form in the nasopharynx tissues. It is a rare type of head and neck cancer that is particularly common in southern China and Southeast Asia [1] . Distinct from most other head and neck cancers, which are predominantly treated by surgery, radiotherapy is the main treatment strategy for nasopharyngeal carcinoma [2] . Owing to the application of magnetic resonance imaging, intensity-modulated radiotherapy, as well as comprehensive chemotherapy strategies, the local control of nasopharyngeal carcinoma has been greatly improved, while the 5-year survival rate has increased from 50% in the 1980s to 80% currently [3] . However, due to the high rates of lethal conditions, low life quality after treatment, and the progressive recurrence of nasopharyngeal carcinoma, the effective management of this disease remains a challenging clinical problem [4] . Better understanding of the mechanism of action underlying the progression of the nasopharyngeal carcinoma will help ameliorate the development of the treatment strategies, providing more comprehensive medical evidence for ensuring the effectiveness of the treatments.
Recent studies have linked microRNAs (miRNAs), which are 20-to 22-nucleotide non-coding RNAs that regulate the expression of their cognate target genes by specifically binding and cleaving mRNAs, to the development of cancer metastasis [5] . For instance, it was shown that miR-194 prevents liver cancer cell metastasis by targeting the 3 0 untranslated region (UTR) of several genes that are involved in cancer metastasis and epithelial-mesenchymal transition [6] . Another study showed that miR-192 and miR-215 were significantly reduced in a variety of colon cancer samples, acting as effectors of the tumor suppressor p53 gene [7] , whereas p53-responsive miR-194 inhibits tumor by binding with the 3 0 UTR of the THBS1 gene, which encodes an endogenous inhibitor of angiogenesis, thrombospondin-1, and thus promotes angiogenesis in colon cancer [8] . miR-194 expression is also found to be significantly negatively associated with metastasis in clinical specimens of non-small cell lung cancer [9] . In addition, miR-194 has been suggested to be a putative tumor suppressor in multiple myeloma and gastric cancer [10] [11] [12] . However, its function in nasopharyngeal carcinoma is still unclear.
The mitogen-activated protein kinase kinase kinase 3 (MAP3K3) functions as an upstream regulator of the mitogen-activated protein kinase signaling pathway, modulating various biological functions including cell proliferation, differentiation, migration and apoptosis [13] . Increased expression of MAP3K3 in ovarian cancer, esophageal and breast cancer has been reported to be associated with tumorigenesis [14] .
Although aberrant expression of miR-194 and MAP3K3 in different cancer cells has been shown to suppress tumor cell invasion and metastasis, little is known about their role in regulating the progression of nasopharyngeal carcinoma. The present study was designed to investigate whether miR-194 and MAP3K3 are involved and correlated in the nasopharyngealcarcinoma-related gene network.
Materials and methods

Clinical specimens and cell lines
Human nasopharyngeal carcinoma tissues (n = 15) and normal nasopharyngeal epithelial tissues (n = 39) were obtained from patients diagnosed at hospital. The protocol for the use of human tissues was approved by the Institutional Research Ethics Committee in Hospital, and patients' consent was obtained prior to the surgical resection. All specimens were snap-frozen in liquid nitrogen and stored at À80°C for subsequent use. Human nasopharyngeal epithelial cell line NP69 and nasopharyngeal carcinoma cell lines CNE-1, CNE-2, HONE-1, HNE-1, C666-1 and SUNE-1 were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI-1640 supplemented with 5% FBS at 37°C in an atmosphere of 5% CO 2 . The experiments were undertaken with the informed written consent of each subject. The study methodologies conformed to the standards set by the Declaration of Helsinki.
miRNA extraction and quantitative real time PCR
According to the manufacturer's instruction, total miRNA from the patients' tissues and cultured cells was extracted using the mirVana miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was synthesized using the Taqman miRNA reverse transcription kit (Thermo Fisher Scientific), and expression levels of miR-194 were quantified using TaqMan hsa-miR-194 assay (Thermo Fisher Scientific). Quantitative real time PCR (qRT-PCR) was performed using the CFX-1000 Real-time PCR system (Bio-Rad, Hercules, CA, USA).
Cell proliferation assay
To determine the cell growth in the presence of miRNA mimics, CNE-1 and C666 cells were transfected with 20 pmol of miR-Ctrl and miR-194 mimics (Genepharma, Shanghai, China) using the Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific) following the manufacturer's protocol and cultured for 24 h. Further, CNE-1 and C666 cells were seeded at 1 9 10 5 cells per well into a six-well plate and cultured for 72 h, followed by digestion, and the total cell number of each well was counted three times using the Z1 particle counter (Beckman Coulter, Inc., Brea, CA, USA). For the cell viability assay, miRNA-treated CNE-1 and C666 cells were seeded at 1 9 10 3 cells per well into a 96-well plate.
After 72 h incubation, cells were detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The plates were read at 570 nm on an automated microplate reader (Molecular Devices, Sunnyvale CA, USA).
Cell migration and invasion assays
A cell migration assay was performed using Transwell (Corning Inc., Corning, NY, USA). A cell invasion assay was performed using the same Transwell chamber coated with Matrigel (BD Biosciences, San Jose, CA, USA). Briefly, 1 9 10 5 CNE-1 and C666 cells in serum-free DMEM were added to the upper chamber of the transwell insert and DMEM with 10% FBS was added to the lower wells of the chambers. Cells were allowed to migrate at 37°C for 12 h. Cells that migrated through the membrane to the lower surface of the transwell were fixed with methanol and stained with crystal violet for 20 min. The migrated cells attached to the underside of the inserts were photographed and counted under a light microscope (Nikon, Chiyoda, Japan).
Luciferase assays
The putative target sites of miR-194 on the 3 0 UTR of MAP3K3 were predicted at http://www.targetscan.org/ve rt_71. A total of 3 9 10 4 CNE-1 and C666 cells were seeded into 96-well plates. Twenty-four hours after plating, the cells were transfected with a psiCHECK2 vector encoding the wild-type and mutated 3 0 UTR of MAP3K3. After incubation for 48 h, the cells were lysed in 19 Passive Lysis Buffer and assayed with the Dual-Luciferase Ò Reporter
Assay System (Promega, Madison, WI, USA) to measure the luciferase activity as described in the instructions.
Western blot
A total of 20 lg of protein from CNE-1 and C666 cell lysates was separated by 10% SDS/PAGE and transferred to poly(vinylidene difluoride) membrane (Bio-Rad). The membranes were blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 2 h and subsequently incubated with primary antibody against MAP3K3 and b-actin (Cell Signaling Technology, Danvers, MA, USA) overnight at 4°C. Membranes were washed three times with TBST and incubated with secondary antibodies for 1 h. All membranes were detected using enhanced chemiluminescence (Thermo Fisher Scientific), and protein expression was analyzed using IMAGE-PRO PLUS software 6.0 (Media Cybernetics, Rockville, MD, USA).
Stable knockdown and overexpression of MAP3K3 in nasopharyngeal carcinoma cells
For knockdown study, short hairpin RNAs (shRNAs) targeting MAP3K3 (shMAP3K3 #1 and shMAP3K3 #2) and non-target control (shCtrl) were purchased from Shanghai Genepharma Inc. and delivered to CNE-1 and C666 cells. Stably transduced cells were selected by puromycin at 1 mgÁmL À1 and subjected to cell number assay, MTT assay, and transwell migration and invasion assay as described earlier.
For the overexpression study, MAP3K3 expression vector and control vector were purchased from Shanghai Genepharma Inc., and transfected into CNE-1 and C666 cells using Lipofectamine 2000 (Thermo Fisher Scientific). Cells with stable overexpression were selected using 1 mgÁmL À1 of G418, and further transfected miR-194 mimic and miR -Ctrl, followed by the MAP3K3 protein expression, cell growth, cell migration and invasion assays.
Statistical analysis
All statistical analyses were carried out using the SPSS 11.0 statistical software package (SPSS Inc., Chicago, IL, USA). Statistical comparison of the two groups was conducted using Student's t test. Comparisons between multiple groups were made using one-or two-way ANOVA. All data represent mean AE standard deviation (SD) from at least three independent experiments. A P-value smaller than 0.05 was considered statistically significant.
Results
miR-194 is down-regulated in nasopharyngeal carcinoma tissues and cell lines
We first detected the relative expression of miR-194 in 15 normal nasopharyngeal epithelial tissues and 39 human nasopharyngeal carcinoma specimens, out of which there were 16 samples with low levels of regional lymph node metastasis, and 23 samples with high levels of regional lymph node metastasis. The result showed that the expression of miR-194 in nasopharyngeal carcinoma tissues was significantly down-regulated (P < 0.01, Fig. 1A) , while the expression level was lower in the samples with high regional lymph node metastasis than in samples with low regional lymph node metastasis (P < 0.05, Fig. 1B ). Moreover, expression levels of miR-194 in different nasopharyngeal carcinoma cells, including CNE-1, CNE-2, HONE-1, HNE-1, C666-1 and SUNE-1, were significantly lower than in the cultured human nasopharyngeal epithelial NP69 cells (Fig. 1C) . These observations highlighted the clinical relevance of miR-194 in nasopharyngeal carcinoma.
miR-194 suppresses nasopharyngeal carcinoma cell proliferation, migration and invasion
In order to investigate the role of miR-194 in the progression of nasopharyngeal carcinoma, miR-194 mimics were transfected into nasopharyngeal carcinoma cell lines CNE-1 and C666-1. Firstly qRT-PCR results showed that mir-194 levels were steadily high in both CNE-1 and C666-1 cells (P < 0.01, Fig. 2A ). The cell number assay for five consecutive days showed that both CNE-1 and C666-1 cells transfected with miR-194 grew more slowly than cells transfected with miRCtrl (Fig. 2B,C) , and the cell viability of the cells with miR-194 transfection was significantly lower than the control group (P < 0.01, Fig. 2D ). In line with this observation, we showed that both the cell migration and the cell invasion were significantly impaired by miR-194 transfection when compared with cells transfected with miR-Ctrl (P < 0.05 for both, Fig. 2E-H) , suggesting the potential inhibitory function of miR-194 in cancer progression.
MAP3K3 is a direct target of miR-194
Several studies have shown that MAP3K3 expression in tumor cells was relevant to cancer progression. Therefore, we investigated the possible correlation between miR-194 and MAP3K3. MAP3K3 expression was much higher in nasopharyngeal carcinoma cell lines (CNE-1, CNE-2, HONE-1, HNE-1, C666-1 and SUNE-1) when compared to that in nasopharyngeal epithelial cell line NP69 (Fig. 3A) . In silico analysis revealed that the 3 0 UTR of MAP3K3 contains the putative binding site of miR-194 (Fig. 3B) . To confirm the binding between miR-194 and MAP3K3 3 0 UTR, the luciferase reporter assay was performed using the WT or mutated MAP3K3 3 0 UTR-coupled luciferase reporter. We found that ectopic expression of miR-194 significantly decreased the luciferase signal of WT MAP3K3 3 0 UTR in both CNE-1 and C666-1 cells, in comparison with the miR-Ctrl. These suppressive effects were abolished with a mutated miR-194 binding site of MAP3K3 (P < 0.01, Fig. 3C,D) . Furthermore, western blot results indicated that miR-194 overexpression significantly reduced the protein expression of endogenous MAP3K3 in CNE-1 and C666-1 cells (Fig. 3E) . All of these results indicated that MAP3K3 is a direct target of miR-194, and miR-194 inhibits the nasopharyngeal carcinoma progression through modulating MAP3K3.
MAP3K3 knockdown suppresses nasopharyngeal carcinoma cell proliferation, migration and invasion
To investigate whether MAP3K3 knockdown could interfere the proliferation of nasopharyngeal carcinoma cells in vitro, cell number and MTT assays were performed to evaluate CNE-1 and C666-1 cells transfected with shRNAs targeting MAP3K3. First, MAP3K3 silencing efficacy was verified by the reduced expression of MAP3K3 in CNE-1 and C666-1 cell lines after knockdown of MAP3K3 (Fig. 4A) . Our results showed that the cell number assay for five consecutive days showed that both CNE-1 and C666-1 cells transfected with MAP3K3 shRNAs #1 and #2 grew more slowly than the cells transfected with shCtrl (Fig. 4B,C) , and the cell viabilities in the cells with MAP3K3 shRNAs were significantly lower than the control group (P < 0.01 for all, Fig. 4D) . Additionally, the cell migration and invasion assays showed that both CNE-1 and C666-1 cells transfected with MAP3K3 shRNAs #1 and #2 had significantly impaired cell migrated and invaded cells (P < 0.01 for all, Fig. 4E-H) . (Fig. 5A) . miR-194 expression after transfection with miR-194 mimics was much higher than with transfection with miR-Ctrl (Fig. 5B) . However, the cell number of both CNE-1 and C666-1 cells transfected with miR-194 were significantly lower than the cells transfected with miR-Ctrl in both normal and MAP3K3-overexpressing cells (Fig. 5C,D) , and the cell viabilities of the cells transfected with miR-Ctrl of both normal and MAP3K3-overexpressing cells were lower than the control group (P < 0.01 for all, Fig. 5E ). Additionally, the cell migration and invasion assays showed that both CNE-1 and C666-1 cells transfected with miR-194 had significantly downregulated cell migration and invasion compared with cells transfected with miR-Ctrl (P < 0.01, respectively, Fig. 5F ,G).
Discussion
Nasopharyngeal carcinoma is a serious health problem in some demographic regions around the world. A . (B,C) CNE-1 (B) and C666-1 (C) cells were subjected to cell number assay every 24 h. *P < 0.05, **P < 0.01, two-way ANOVA. (D) CNE-1 and C666-1 cells subjected to MTT assay after plating for 72 h. **P < 0.01, Student's t test. (E,G) CNE-1 (E) and C666-1 (G) cells were subjected to transwell migration assay. *P < 0.05, Student's t test. (F,H) CNE-1 (F) and C666-1 (H) cells were subjected to transwell invasion assay. *P < 0.05, Student's t test. Scale bar, 50 lm. Data are mean AE SD of three independent experiments, each was measured in triplicate. great number of clinical studies have shown that the expression of miRNAs are dynamically regulated in the carcinomatosis, and miRNAs could be used as potential molecular biomarkers for human malignancies. In the current study, we showed that miR-194 is critically involved in nasopharyngeal carcinoma progression. The miR-194 is significantly down-regulated in nasopharyngeal carcinoma specimens compared with normal nasopharyngeal epithelial tissues. Similar results were also observed in different nasopharyngeal carcinoma cell lines. MiR-194 suppressed malignant phenotypes of nasopharyngeal carcinoma including tumor cell proliferation and viability, as well as migration and invasion of carcinoma cells. Computational in silico analysis uncovered that miR-194 putatively binds the 3 0 UTR of MAP3K3, and luciferase reporter assay confirmed MAP3K3 as a direct target of miR-194. In addition, we found MAP3K3 knockdown inhibited nasopharyngeal carcinoma cell proliferation, migration and invasion. In accordance, overexpressing MAP3K3 reversed the inhibition effects of miR-194 in the tested carcinoma cells, consolidating the direct influence of miR-194 on MAP3K3.
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Among all the reported studies, there are a number addressing the clinical impact of miRNAs in nasopharyngeal carcinoma on small or large scales. Microarray-based serum miRNA profiling revealed that four miRNAs including miR-17, miR-20a, miR-29c, and miR-223 were expressed differently in the serum of nasopharyngeal carcinoma patients compared with non-cancerous controls [15] . Regarding the studies on tumor tissues, a study on miRNA expression profiling in eight NPC tissues and four normal nasopharyngeal tissues identified 34 differently expressed miRNAs in two categories [16] . In our study, in addition to the comparison of the expression profile of miR-194 in the carcinoma and normal tissues, differential expression among the carcinoma at different clinical stages, which was assessed on the basis of the regional lymph node metastasis classification system, was also explored. Identification of miRNA expression in patients with different lymph node metastasis levels would be helpful to facilitate the understanding of the mechanisms underlying the progression of nasopharyngeal carcinoma.
Due to the infrequency of nasopharyngeal carcinoma in most part of the world and the limited availability of clinical specimens, nasopharyngeal carcinoma cell lines have been established as important models to study its pathophysiology [17] . One of the intriguing features of this epithelial carcinoma is its constant association with Epstein-Barr virus (EBV) infection. Studies have shown that EBV plays a key role in the pathogenesis of the tumor phenotype in nasopharyngeal carcinoma [18] . The majority of nasopharyngeal carcinoma cell lines were established around a few decades ago, and only some of them, such as C666-1 used in the current study, stably harbor the EBV genome and are relatively poorly differentiated [19] . According to the published reports, CNE-1 was originally established from well-differentiated squamous cells [20] . In other word, we investigated the effects of miR-194 in the well-differentiated nasopharyngeal carcinoma cell line CNE-1 and the poorly differentiated nasopharyngeal carcinoma cell lines C666-1, the results strongly suggesting that miR-194 is actively involved in the progression of nasopharyngeal carcinoma at differentiation states. MAP3K3 is widely expressed in various tissues and is activated by numerous extracellular stimuli to regulate biological processes including cell proliferation and differentiation [21] . Recent studies have identified potentially clinical roles of MAP3K3 as an oncogene that promotes cancer progression in several different malignancies including non-small-cell lung cancer, ovarian carcinoma, lung cancer and renal clear cell carcinoma [14, [21] [22] [23] . However, the clinical significance of MAP3K3 expression in nasopharyngeal carcinoma remains elusive. In this study, we confirmed the knockdown of MAP3K3 in human nasopharyngeal carcinoma cell lines by shRNA significantly inhibited the nasopharyngeal carcinoma cell proliferation, migration and invasion, indicating the prognostic role of MAP3K3 in the pathogenesis of nasopharyngeal carcinoma. Although we explored the role of miR-194 on MAP3K3, it would be interesting to investigate the expression changes of MAP3K3 in tumor tissue specimens to decipher its independent tumorigenesis in nasopharyngeal carcinoma.
There are more than 1900 human miRNAs that have been documented in different miRBase databases, making miRNA one of the largest gene families in eukaryotes [24] . Each of miRNAs could bind to various locations of hundreds of transcripts [25] . In terms and C666-1 (C) cells were subjected to cell number assay every 24 h. *P < 0.05, **P < 0.01, two-way ANOVA. (D) CNE-1 C666-1 cells subjected to MTT assay after plating for 72 h. **P < 0.01, one-way ANOVA. (E, G) CNE-1 (E) and C666-1 (G) cells were subjected to transwell migration assay. **P < 0.01, one-way ANOVA. (F, H) CNE-1 (F) and C666-1 (H) cells were subjected to transwell invasion assay. **P < 0.01, one-way ANOVA. Scale bar, 50 lm. Data are mean AE SD of three independent experiments, each measured in triplicate. of miR-194, the function of miR-194 in different cancers is often associated with varying targets. A previous study showed that miR-194 can target bone morphogenetic protein 1 (BMP1) and kip1, leading to suppression of transforming growth factor b activity and down-regulation of the expression of key oncogenic genes such as matrix metalloproteinases MMP2 and MMP9, and thus suppress the metastasis of non-small cell lung cancer [9] . MiR-194 inhibits gastric cancer progression by down-regulating transcription factor forkhead box protein M1 (FoxM1) [26] . MiR-194 can also promote the tumorigenesis of ovarian carcinoma by directly targeting protein tyrosine phosphatase nonreceptor type 12 (PTPN12) [27] . In pancreatic ductal adenocarcinoma cells, miR-194 overexpression increased tumor growth and invasion through the suppression of dachsund homolog 1 (DACH1) [28] . Overall, the roles of miR-194 in tumor cells are not in agreement and seem controversial. Using computational analysis, we found miR-194 binds to the 3 0 UTR of MAP3K3, while the knockdown of MAP3K3 suppresses cancer cell regression. The luciferase reporter assay showed that miR-194 did not bind to the mutated MAP3K3, indicating the specificity of the binding between these two partners. Here, we for the first time reported a function of miR-194 in nasopharyngeal carcinoma and established an association between miR-194 and MAP3K3, which is in line with the inhibitory role of miR-194 in cancer regression.
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In summary, the current work indicates that the miR-194 is a potent tumor modulator in nasopharyngeal carcinoma. MiR-194-can directly target MAP3K3 to regulate tumor progression. As MAP3K3 is critically involved in nasopharyngeal carcinoma development, exploiting the suppressive role of miR-194 on nasopharyngeal carcinoma might be an effective rationale for diagnosis and treatment of nasopharyngeal carcinoma.
